ABBREVIATIONS CBV = cerebral blood volume; DCE = dynamic contrast-enhanced; DSC = dynamic susceptibility contrast; kTrans = transfer coefficient; MM = microcystic meningioma; NPV = negative predictive value; PPV = positive predictive value; ROI = region of interest. OBJECTIVE Microcystic meningioma (MM) is a meningioma variant with a multicystic appearance that may mimic intrinsic primary brain tumors and other nonmeningiomatous tumor types. Dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced (DCE) MRI techniques provide imaging parameters that can differentiate these tumors according to hemodynamic and permeability characteristics with the potential to aid in preoperative identification of tumor type. METHODS The medical data of 18 patients with a histopathological diagnosis of MM were identified through a retrospective review of procedures performed between 2008 and 2012; DSC imaging data were available for 12 patients and DCE imaging data for 6. A subcohort of 12 patients with Grade I meningiomas (i.e., of meningoepithelial subtype) and 54 patients with Grade IV primary gliomas (i.e., astrocytomas) was also included, and all preoperative imaging sequences were analyzed. Clinical variables including patient sex, age, and surgical blood loss were also included in the analysis. Images were acquired at both 1.5 and 3.0 T. The DSC images were acquired at a temporal resolution of either 1500 msec (3.0 T) or 2000 msec (1.5 T). In all cases, parameters including normalized cerebral blood volume (CBV) and transfer coefficient (kTrans) were calculated with region-of-interest analysis of enhancing tumor volume. The normalized CBV and kTrans data from the patient groups were analyzed with 1-way ANOVA, and post hoc statistical comparisons among groups were conducted with the Bonferroni adjustment. RESULTS Preoperative DSC imaging indicated mean (± SD) normalized CBVs of 5.7 ± 2.2 ml for WHO Grade I meningiomas of the meningoepithelial subtype (n = 12), 4.8 ± 1.8 ml for Grade IV astrocytomas (n = 54), and 12.3 ± 3.8 ml for Grade I meningiomas of the MM subtype (n = 12). The normalized CBV measured within the enhancing portion of the tumor was significantly higher in the MM subtype than in typical meningiomas and Grade IV astrocytomas (p < 0.001 for both). Preoperative DCE imaging indicated mean kTrans values of 0.49 ± 0.20 min -1 in Grade I meningiomas of the meningoepithelial subtype (n = 12), 0.27 ± 0.12 min -1 for Grade IV astrocytomas (n = 54), and 1.35 ± 0.74 min -1 for Grade I meningiomas of the MM subtype (n = 6). The kTrans was significantly higher in the MM variants than in the corresponding nonmicrocystic Grade 1 meningiomas and Grade IV astrocytomas (p < 0.001 for both). Intraoperative blood loss tended to increase with increased normalized CBV (R = 0.45, p = 0.085). CONCLUSIONS An enhancing cystic lesion with a normalized CBV greater than 10.3 ml or a kTrans greater than 0.88 min -1 should prompt radiologists and surgeons to consider the diagnosis of MM rather than traditional Grade I meningioma or high-grade glioma in planning surgical care. Higher normalized CBVs tend to be associated with increased intraoperative blood loss.
T radiTionally, a radiographic diagnosis discriminating between intraaxial and extraaxial primary brain tumors is performed on anatomical MRI sequences. WHO Grade I meningiomas have a relatively characteristic, distinguishable appearance on MRI sequences, including T2-weighted and T1-weighted sequences with a contrast agent. A CSF cleft visible on T2-weighted sequences or a dural tail apparent on T1-weighted sequences with contrast agent are characteristics that are typically pathognomonic of these tumor types. 3, 4, 16 Although advanced imaging sequences have been considered in the evaluation of typical meningiomas, 19 physiological imaging sequences rarely affect the surgical management of these tumors.
Microcystic meningioma (MM) is an unusual variant of meningioma with a multicystic appearance that may mimic intrinsic primary brain tumors and other nonmeningiomatous tumor types. Dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced (DCE) imaging modalities help differentiate certain tumor types according to physiological characteristics and have the potential to assist in the preoperative identification of this tumor type.
The MM variant often shows a radiographic appearance on anatomical sequences that can be challenging to identify as a meningioma and even to distinguish it as an extraaxial tumor. These rarer tumors have been described in the literature with an anatomical imaging appearance that may mimic intrinsic primary brain tumors, hemangioblastomas, and other nonmeningiomatous tumor types. 3 Histopathologically, MM can cause diagnostic difficulty due to its peculiar nonmeningothelial pattern. The tumor can have intercellular, pale, and mucin-containing microcysts along with vacuolated, xanthomatous cells interspersed among hyalinized blood vessels. 18 Other typical features such as lobules, whorls, and psammoma bodies are absent. 3, 5, 11 As anatomical imaging sequences have not, in isolation, proven useful in distinguishing the MM variant from other tumor types, we have investigated DSC and DCE imaging techniques in the preoperative identification of MM. Dynamic susceptibility contrast imaging is also often referred to as "perfusion imaging" and has been widely used in the care of patients with stroke. 10, 17, 20 In essence, DSC involves the rapid acquisition of sequential images at a given location as a gadolinium (Gd) contrast bolus moves through the brain vasculature, often termed the "first pass." From the first-pass curve, a quantitative measure of several physiological parameters may be derived, including normalized cerebral blood volume (CBV), cerebral blood flow, and mean transit time.
6,9
The normalized CBV has been shown to correlate with astrocytoma grade 12 and is considered in the diagnostic distinction of tumor progression from radiation necrosis in primary brain tumors. 15 Whereas the DSC technique is based on T2-weighted imaging sequences to indirectly measure capillary density and size, DCE imaging measures the rate of the T1 signal change after contrast agent administration to estimate capillary permeability and related parameters. The normalized CBV may also be measured with T1-weighted DCE techniques. 12 As with the DSC technique, a number of metrics may be derived from DCE sequences, notably extracellular volume, measured with the extravascular, extracellular volume fraction, and permeability, measured with the transfer coefficient (kTrans). The kTrans, a volume-transfer constant of the contrast agent between blood plasma and the extravascular extracellular space, helps to determine vascular permeability and to evaluate the microvasculature within tumors. Both kTrans and the extravascular, extracellular volume fraction are good predictors of tumor grade, 1, 21 with correct classification of 92% of tumors in discriminant analysis. Therefore, our current standard of practice is to perform both sets of image acquisition.
This study aimed to use DSC and DCE characteristics on MRI sequences to distinguish MM from both traditional Grade I meningiomas and high-grade gliomas.
Methods

Patient Cohort
The medical records of 18 patients who had a histopathological diagnosis of MM between 2008 and 2012 were identified through a retrospective review performed at the Swedish Neuroscience Institute. Approval for review of the imaging sequences acquired as a part of the routine preoperative clinical care for these patients was obtained from the internal review board at Swedish Hospital before clinical research was initiated. A subcohort of 12 patients with Grade I meningiomas and of 54 with Grade IV primary gliomas was also included. This comparison group was a consecutive cohort seen by the neurosurgery service, and the preoperative imaging sequences of the patients in this group were also reviewed. The selection of the patient group sizes was based on a power analysis with an 80% probability of detecting a 20% difference between groups with an alpha value of 0.05. Clinical variables including patient sex, age, and surgical blood loss were also analyzed. Blood loss during surgery was estimated from the surgeon's operative notes. None of the tumors in this study had been treated with preoperative embolization.
Image Acquisition, Processing, and Analysis
As a part of the clinical routine at our institution, a standard "tumor-protocol" MRI sequence is obtained in patients who present for resection. This imaging protocol includes 3D MP-RAGE/3D FSPGR noncontrast and Gd-enhanced volumetric acquisitions, T2-weighted and FLAIR sequences, susceptibility-weighted sequences, and diffusion-weighted imaging, acquired with diffusion tensor imaging (25 directions, b max 1000 msec/mm 2 ). Since 2008, with increasing frequency (and now currently routine), DSC imaging has been included in this tumor protocol to generate parameter maps of relative cerebral blood flow and normalized CBV. In addition, our imaging protocols have recently included DCE imaging before DSC imaging. Review of the data from the 18 patients with MM indicated that DSC imaging data were available for 12 of these patients and DCE imaging data for 6 (all of these 6 patients also underwent DSC imaging). The preoperative DSC and DCE imaging sequences of the 12 patients with Grade I meningioma (i.e., the meningoepithelial subtype) and 54 with Grade IV primary glioma were also reviewed.
Images were acquired at both 1.5 and 3.0 T with GE instruments (LX, HDx, and MR750). The DSC images were acquired with a standard echo-planar imaging sequence at a temporal resolution of either 1500 msec (3.0 T) or 2000 msec (1.5 T), TE 25 msec, slice thickness 5 mm, slice spacing 1 mm, field of view 24 cm, and matrix 128 × 128. The DCE images were acquired with a standard 3D SPGR at a temporal resolution of 4 msec, TE 1.2 msec, slice thickness 5 mm, slice spacing 0 mm, flip angle 24°, and matrix 256 × 160.
A Gd-based contrast agent (Gadovist, Bayer) was administered in 2 one-half boluses at a standard dose of 0.1 mmol/kg with each the DCE (first) and DSC (second) sequences. By performing the DCE and DSC in sequence, preloading of the Gd contrast agent was accomplished. No mathematical leakage correction was used.
Image registration, postprocessing, and analysis were performed by experienced technical personnel certified by the American Registry of Radiologic Technologists and under supervision of a neuroradiologist (B.K.). The NordicICE software platform (Nordic NeuroLab), an FDA-approved, vendor-independent method for advanced imaging analysis, was used in these analyses. Analysis of regions of interest (ROIs) was performed with our standard clinical protocol, including exclusion of vessels and areas of qualitative necrosis. The ROIs were manually selected, focusing on enhancing tumor tissue.
Histopathological Analysis
Meningiomas with microcystic features were identified through a search of records of pathological diagnoses conducted over a 6-year period. Two microcystic patterns were observed in tumors of patients who had a diagnosis that included the term "microcystic meningioma." Pure MM tumors essentially comprised all conventional microcystic features, and in mixed MM tumors, the microcystic pattern comingled with other patterns. For this study, a neuropathologist re-reviewed the histopathological results for all of the included tumors to diagnose them as typical meningioma, high-grade primary brain tumor, MM, or mixed meningioma with microcystic features.
Histopathologically, MM may be difficult to accurately diagnose because of its peculiar nonmeningothelial pattern. The WHO classification was used as the primary method of tumor grading. 2 The microscopic features most commonly associated with microcystic variants included hypervascularity, vascular hyalinization, micro-or macrocystic architecture with fluid-filled spaces, scattered nuclear pleomorphism, and xanthomatous changes (Fig.  1) . MM is distinguished as having intercellular, pale, mucin-containing microcysts along with vacuolated, xanthomatous cells interspersed among hyalinized blood vessels. Other typical features such as lobules, whorls, and psammoma bodies are lacking, and ultrastructural studies can confirm the presence of desmosomes. For microcystic tumors defined as having a mixed pattern, at least 10% displayed changes observed in the pure MM subtype; however, other well-described patterns such as transitional or meningotheliomatous variants were also noted. In some cases, immunostaining was performed with appropriate positive and negative controls to detect Ki-67 protein, epithelial membrane antigen, or progesterone receptor. Invasion of the cerebral cortex was occasionally evaluated with an immunostaining method for detecting glial fibrillary acidic protein.
Statistical Analysis
Imaging data were analyzed for all patients with nonmicrocystic meningioma and with MM and for those with intrinsic primary brain tumors. We statistically analyzed normalized CBV values with 1-way ANOVA, and post hoc comparisons between individual groups were performed with the Bonferroni method to adjust for multiple comparisons. Similar methods were used to evaluate differences in kTrans among the groups. The statistical analyses were performed with Stata 12 statistical software (StataCorp). Two-sided p values were assessed at a significance level of alpha = 0.05.
Results
Imaging data were analyzed for a total of 84 patients, including 12 with nonmicrocystic meningioma, 18 with MM, and 54 with Grade IV primary glioma. Among the patients with MM (mean age 62.9 years, 7 men and 11 women), 9 had MMs with pure MM features, and 3 had tumors with a mixed histopathological appearance. Analysis of preoperative sequences with DSC imaging indicated enhancing tumor mean (± SD) normalized CBV values of 5.7 ± 2.2 ml for Grade I meningiomas of the meningoepithelial subtype, 4.8 ± 1.8 ml for Grade IV astrocytomas, and 12.3 ± 3.8 ml for Grade I meningiomas of the MM subtype (Fig. 2) . The normalized CBV measured within the enhancing portion of the tumor was significantly higher in the MM subtype than in both nonmicrocystic meningiomas and Grade IV astrocytomas (p < 0.001 for both). A representative MM with an elevated normalized CBV is shown in Fig. 3 .
Preoperative DCE imaging indicated kTrans values of 0.49 ± 0.20 min -1 in Grade I meningiomas, 0.27 ± 0.12 min -1 in Grade IV astrocytomas, and 1.35 ± 0.74 min -1 in MM. The kTrans measured within the enhancing portion of the tumor was significantly higher in the MM variants (Fig. 4) than in corresponding nonmicrocystic meningiomas (Fig. 5) and Grade IV astrocytomas (p < 0.001 for both) (Fig. 6) . Primarily for simplicity and to broaden clinical usefulness, we decided a priori to compare normalized CBV and kTrans for the tumor types separately. A multivariate model including both measurements may provide a slightly higher likelihood of a correct preoperative diagnosis, but the added complexity would preclude clinical usefulness. We chose normalized CBV as the primary statistic because it is more widely available. In our sample, normalized CBV data were available for 12 patients, and kTrans data were available for one-half of the patients (i.e., 38 or 49%), including only 6 patients with MM and 4 with meningoepithelial meningioma.
The data suggested that when the normalized CBV is greater than 10.3 ml (i.e., the meningoepithelial mean plus 2 SDs) or the kTrans is above 0.88 min -1 (the meningoepithelial mean plus 2 SDs) in a patient with an enhancing tumor, a diagnosis of MM should be considered. Values for these 2 variables in Grade IV astrocytomas were both lower than for Grade I meningoepithelial tumors (the mean plus 2 SDs was 7.7 ml and 0.51 min -1 for normalized CBV and kTrans, respectively).
When we compared MM with Grade IV astrocytomas, we observed that a cutoff normalized CBV value of 10.3 ml yielded a positive predictive value (PPV) of 88% and a negative predictive value (NPV) of 91%, with a specificity of 98% and sensitivity of 58% for comparing these 
FIG. 3.
Anatomical imaging sequences suggest an intraaxial mass, mostly likely high-grade glioma. Preoperative DSC imaging indicated a normalized CBV of 18 ml within the enhancing tumor volume, a CBV that was higher than that typically observed in high-grade glioma. A measurement of relative CBV with the T2 and FLAIR abnormalities in the surrounding tissues indicated a normalized CBV of < 1.0 ml in these tissues, again suggesting an extrinsic rather than intrinsic tumor. Histopathological analysis revealed MM. 2 tumor types. When microcystic and meningoepithelial variants were compared, a normalized CBV of 10.3 ml gave a 100% PPV and a 71% NPV, with 100% specificity and 58% sensitivity.
A kTrans of greater than 0.88 min -1 yielded a PPV of 100% and a NPV of 93%, with 100% specificity and 67% sensitivity for comparing MM with Grade IV astrocytomas. Similarly, in a comparison of MM with the meningoepithelial variant, a kTrans of greater than 0.88 min -1 gave a PPV of 100% and an NPV of 67%, with 100% specificity and 67% sensitivity. Intraoperative blood loss tended to increase with increased normalized CBV (R = 0.45), but this increase was not statistically significant (p = 0.085); the mean blood loss was 210 ml (range 100-400 ml). Of note, none of the cases of MM had preoperative embolization.
Discussion
According to the WHO criteria, MMs are Grade I tumors. 3 These tumors are morphologically distinct from the more common meningothelial tumors. 11 The appearance of MMs on MRI sequences, in particular, the lack of a typical CSF cleft or dural tail in addition to the cystic nature of the tissue enhancement and surrounding vasogenic edema, may lead to preoperative planning that presumes the tumor to be an intrinsic high-grade glioma, rather than a benign extraaxial lesion. In addition, the high blood vessel density and increased permeability of these lesions suggest a potential for increased intraoperative blood loss. To date, anatomical imaging sequences have not enabled discrimination of MM from nonmicrocystic meningiomas or intrinsic primary brain tumors. In contrast, advanced imaging sequences such as perfusion-weighted imaging show promise to distinguish these tumor types before surgical exploration.
The normalized CBVs within the enhancing portion of MM were significantly higher than those observed in nonmicrocystic meningiomas or intrinsic primary brain tumors. In addition, DSC imaging observations within the T2 and FLAIR signal abnormalities surrounding an enhancing tumor can provide further support for a diagnosis of extrinsic as opposed to intrinsic tumors. The DSC measurements improve the diagnosis because although signals from extrinsic tumors tend to be comparable to those from normal white matter in meningiomas and metastatic tumors, T2 and FLAIR signals can be elevated in intrinsic primary brain tumors.
The histopathological substrate reflected in increased normalized CBVs appears to be microvascular density. 2, 7 To distinguish DSC imaging of tumors from that in stroke, we note the following essential considerations: leakage correction (mathematical or by contrast preload), arterial deconvolution (vs simpler mathematical techniques), choice of pharmacokinetic model, the time course and dosing used for preload, and consistent choice of an index tissue for normalization. These imaging parameters help to account for the inherent structural variability in tumor vasculature that distinguishes tumor blood flow from that observed in normal or ischemic tissue.
Jensen and Lee have reported on the utility of hypoxiainducible factor-1a, vascular endothelial growth factor, and cell proliferation indices such as MIB-1 to predict outcomes for patients with intracranial meningiomas and tumor recurrence. 8 A correlation with tumor blood vessel density and a significant elevation in normalized CBV in MM do make intuitive sense when one considers the histopathological features that distinguish MM from nonmicrocystic meningiomas. Microcystic meningioma has a distinctly high density of blood vessels and vascular bundles, resulting in a higher net density of vasculature that increases the blood volume in MM tissue samples. This blood volume increase is then measured as a higher normalized CBV.
Use of perfusion-weighted imaging in the analysis of brain tumors has increased in relevance, as these imaging sequences help distinguish low-grade tumors from highgrade tumors, with normalized CBV being the most useful metric. 13 In both low-and high-grade primary tumors, normalized CBV appears to provide additional stratifying information by identifying more aggressive tumors. In addition, low-grade oligodendrogliomas may have an elevated normalized CBV without the aforementioned implications of aggressive behavior because of the increased capillary density in all grades of this histopathological subset. Lui et al. used DSC and DCE imaging in a series of 20 patients to help identify and distinguish meningiomas from dural metastases. The authors reported that the normalized CBV parameter was not helpful in distinguishing tumor type, but that first-pass relative wash-in time was significantly (p < 0.05) lower for metastases than for meningiomas.
14 This observation suggests the potential, as also noted in this study, for the continued use of contrast preload with subsequent acquisition of DCE and DSC sequences to distinguish intracranial tumor types.
Although a conclusive histopathological diagnosis cannot be made without obtaining tissue during the operation, these perfusion-weighted imaging measures, if obtained before surgery, provide the surgical team with additional information that may prepare them for intraoperative findings. Sequences obtained with DSC imaging may help identify more aggressive tumor subtypes within both lowand high-grade primary brain tumors, potentially influencing patient treatment, including the addition of adjunctive therapies. In addition, DSC imaging also has the potential for guiding treatment of patients with MM by predicting a histopathological diagnosis before surgery. Ideally, such approaches will provide information about whether extensive preparations for functional mapping are required (as might be more likely the case for invasive primary tumors) or whether blood should be ready on hand for transfusion.
As perfusion-weighted imaging becomes routine in many tumor-imaging protocols, an enhancing or cystic lesion with an unusually elevated normalized CBV should prompt clinicians and radiologists to consider the diagnosis of MM. Clinical personnel should factor such a diagnosis into their care paradigm as they prepare for surgical intervention. We conclude that the approach used in the present study may provide surgeons with additional infor- mation that could assist them in presurgical planning and better preparation for intraoperative diagnosis.
Conclusions
Identification of meningioma type based on preoperative imaging results can improve a surgeon's ability to meet the goals of patient care and ensure that the treatment paradigm and surgical goals are in line with the patient's best interests. Use of DSC and DCE sequences in the preoperative examinations of patients with meningioma provides surgeons with additional data and a better idea of what they might encounter during the operation. In addition, the findings obtained with these imaging techniques could help predict a patient's postoperative outcomes. In planning surgical care, the patient care team should consider an enhancing cystic lesion with elevated normalized CBV of greater than 10.3 ml or increased kTrans of greater than 0.88 min -1 to indicate MM rather than traditional Grade I nonmicrocystic meningioma or intrinsic high-grade glioma.
